We derive theoretically the power division ratio (PDR) on multi-hop wireless power transfer (WPT) to two receivers coupling with two couplers. The derived expression suggests that the PDR can be controlled by adjusting the load resistance. However, the control range of PDR by adjusting the load resistance of one receiver is limited when a hop count to that receiver is odd number. Therefore we show that the PDR can be controlled by another two methods; control of load resistances of each receiver and control of the load impedance of one receiver. These two methods can control the PDR within coaxial misalignment around the radius of the coupler.
Introduction
Wireless power transfer (WPT) via magnetic resonance to mobile devices has got much attention. We often use more than one mobile device such as mobile phones and laptops. Hence, WPT to multiple mobile devices at the same time is required. Magnetic resonance enables power transfer to multiple receivers by using the same resonance frequency on a transmitter c IEICE 2014 and receivers [1, 2] . It is necessary to divide electric power to mobile devices appropriately because of the difference in the rated power of mobile devices (e.g. mobile phones and laptops). To solve this problem, a power division methodology by adjusting road impedance has been proposed [3] . Moreover, power division on multi-hop WPT to receivers coupling with one coupler has been considered to expand a power transfer range [4, 5] . However, those studies have not discussed coupling of receiver with multi-coupler. In this letter, we consider an effect of the coupling with two couplers on the power division ratio (PDR), and theoretically derive the PDR in such a case. Moreover the derived expression suggests that the PDR can be controlled by adjusting the load impedance, and then we show its propriety by an electromagnetic simulation.
Effect of coupling of the receiver with two couplers on the PDR
Here we discuss an effect of coupling of receivers with two couplers on the PDR. First, multi-hop WPT to one receiver coupling with two couplers as shown in Fig. 1 is considered. We assume that in a multi-hop WPT the transmitter and intermediate couplers are arranged at constant intervals and parasitic resistance and couplings between nonadjacent couplers are ignored. In this multi-hop WPT, the hop count takes an odd or even number [5] . Hence, equivalent circuits of every even-hopped and odd-hopped WPT to one receiver coupling with two couplers are shown in Fig. 2 , where M 12 is mutual inductance of receiver 2 and (n-2)th coupler and M 12 is mutual inductance of receiver 2 and (n-1)th coupler. M is mutual inductance of couplers that are arranged on constant intervals. We can get the Eqs. 
From Eqs. (1) and (2), receiver to transmitter current ratio |I Re /I T r | and input impedance Z in are derived as
We can find from Eq. (3) that M 12 gives an effect on |I Re /I T r | only when hop count n is odd. On the other hand, the input impedance is changed by M 12 independent of the parity of the hop count. Next, we derive the PDR on multi-hop WPT to two receivers coupling with two couplers as shown in Fig. 3 (a) . An equivalent circuit of Fig. 3 (a) is shown in Fig. 3 (b) . The PDR is defined as the ratio of received power of receiver 2 and receiver 3, and expressed as The PDR is given by substituting each receiver's current to Eq. (5). The current of each receiver can be calculated by Eq. (3), and the derived PDR is expressed as Eq. (6). It is found from Eq. (6) that the PDR is affected by coupling with two couplers when a hop count to at least one receiver is odd number. According to the study above, we suggest two impedance control methods based on the derived PDR. The first method controls load resistances of each receiver. The second one controls the load impedance of one receiver. Assuming two cases that n, m=odd and n, m=even. Given η 21 : η 31 =R 21 : R 31 , load resistance R out2 is calculated by Eq. (7)
, (n, m:even)
where, a= ω
This equation indicates that we can control the PDR by adjusting load resistance R out2 . However, if R out2 is complex number, the PDR cannot be controlled by load resistance R out2 . In this case, it is one possible method to adjust load resistance R out3 too so that R out2 takes real number. The other method is to add reactance in series with load resistance R out3 to cancel the imaginary part in Eq. (3). When the imaginary part is perfectly canceled by the added reactance, R out2 is rewritten as follows.
We validate the derived PDR by electromagnetic simulation of Fig. 3 (a) . WIPL-D is used as a electromagnetic simulator. In cases of hop counts n, m = 3 and n, m = 2, we attempt to divide power into two receivers with PDR of η 21 : η 31 = 6 : 4 by calculating Eqs. (7) and (8). To calculate Eqs. (7) and (8), the mutual inductances and parameters of the coupler have measured by electromagnetic simulations. The configuration for the simulation in case of hop counts n, m = 2 is shown in Fig. 4 . Simulation parameters are shown in Table I . The simulation results of the PDR of receiver 2 are shown in Figs. 5 and 6, where R 21 is defined by η 21 /(η 21 + η 31 ) × 100 [%], and d 1 express coaxial misalignment. We intend to control the R 21 on 60%. In Fig. 5 , the control range of the first method is expanded as increasing R out3 . It is because R out2 in Eq. (7) is likely to complex number with small R out3 when the couplings of the receiver with two couplers become strong. The control range of the second one is larger than first one with same R out3 . This reason is that the added reactance cancels the effect of the coupling of the receiver with two couplers. Fig. 6 shows only the result of the first method because the coupling of the receiver with two couplers does not give any effects on the PDR. Therefore, the reactance is not needed to cancel the effect of the coupling with two couplers. We can control the PDR without considering the effect of the coupling with two couplers in even-hop. It is found from Figs. 5 and 6 that the difference from R 21 = 60% is less than 9 points when coaxial misalignment d 1 is smaller than the radius of the coupler in both methods. Therefore, these two methods can control the PDR even if coaxial misalignment is around the radius of the coupler. However, both methods cannot control the PDR if coaxial misalignment d 1 is larger than the diameter of the coupler. Those difference and uncontrollable state come from the assumptions when we derived Eq. (7), that is, ignored couplings between the receiver, transmitter, and nonadjacent couplers.
Conclusion
In this letter, we have derived theoretically the PDR on multi-hop WPT to two receivers coupling with two couplers. The derived PDR expression has suggested that the effect of the coupling of the receiver with two receivers on the PDR limits the control range of the PDR by adjusting load resistance R out2 when a hop count to one receiver is an odd number. Hence we have showed that the PDR can be controlled by two impedance control methods to get the intended PDR. One is control of load resistances of each receiver. The second one is control of the load impedance of one receiver. These two methods can control the PDR by coaxial misalignment around the radius of the coupler.
